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Introduction

Biological membranes are, in general, fluid [START_REF] Jacobson | The Lateral Organization and Mobility of Plasma Membrane Components[END_REF] and allow for lateral diffusion of protein and lipid components in 2-dimensions within the membrane plane [START_REF] Jaillais | The nanoscale organization of the plasma membrane and its importance in signaling -a proteolipid perspective[END_REF] . This lateral mobility is critical for the functions of both proteins and lipids. Indeed, lateral mobility is an important parameter in membrane-based reactions, as it plays a prominent role in the lateral segregation of molecules in distinct membrane domains and in phase separation processes [START_REF] Jaillais | The nanoscale organization of the plasma membrane and its importance in signaling -a proteolipid perspective[END_REF] . It is thus of utmost importance to quantitatively measure proteins dynamics within biological membranes in vivo. Measuring molecule diffusion in live specimens is technically difficult, particularly in plant tissues, which contain highly turgid cells encapsulated in a thick cell wall [START_REF] Grossmann | Green light for quantitative live-cell imaging in plants[END_REF] . In addition, plants are rich in highly autofluorescent molecules, both inside the cell and in the cell wall (e.g. chlorophyll, phenols, flavonoids, tannins, anthocyanins, lignin, suberin) [START_REF] Donaldson | Autofluorescence in Plants[END_REF] . In recent years, several advanced microscopy techniques, compatible with plant tissue imaging, emerged to estimate or measure molecular diffusion within membranes, including fluorescence recovery after photobleaching (FRAP), fluorescence correlation spectroscopy (FCS) and single-particle tracking (SPT) [START_REF] Jaillais | The nanoscale organization of the plasma membrane and its importance in signaling -a proteolipid perspective[END_REF][START_REF] Wang | Exploring the Spatiotemporal Organization of Membrane Proteins in Living Plant Cells[END_REF][START_REF] Cui | Single-Particle Tracking for the Quantification of Membrane Protein Dynamics in Living Plant Cells[END_REF][START_REF] Wang | Spatiotemporal Dynamics of the BRI1 Receptor and its Regulation by Membrane Microdomains in Living Arabidopsis Cells[END_REF][START_REF] Wang | Single-molecule fluorescence imaging to quantify membrane protein dynamics and oligomerization in living plant cells[END_REF][START_REF] Hao | Clathrin and Membrane Microdomains Cooperatively Regulate RbohD Dynamics and Activity in Arabidopsis[END_REF][START_REF] Li | Single-molecule analysis of PIP2;1 dynamics and partitioning reveals multiple modes of Arabidopsis plasma membrane aquaporin regulation[END_REF][START_REF] Wang | Single-particle analysis reveals shutoff control of the Arabidopsis ammonium transporter AMT1;3 by clustering and internalization[END_REF][START_REF] Mckenna | The cell wall regulates dynamics and size of plasma-membrane nanodomains in Arabidopsis[END_REF][START_REF] Martiniere | Cell wall constrains lateral diffusion of plant plasma-membrane proteins[END_REF][START_REF] Platre | Developmental control of plant Rho GTPase nano-organization by the lipid phosphatidylserine[END_REF][START_REF] Martiniere | Osmotic Stress Activates Two Reactive Oxygen Species Pathways with Distinct Effects on Protein Nanodomains and Diffusion[END_REF][START_REF] Hosy | Super-resolved and dynamic imaging of membrane proteins in plant cells reveal contrasting kinetic profiles and multiple confinement mechanisms[END_REF][START_REF] Simon | A PtdIns(4)P-driven electrostatic field controls cell membrane identity and signalling in plants[END_REF][START_REF] Li | Quantification of Membrane Protein Dynamics and Interactions in Plant Cells by Fluorescence Correlation Spectroscopy[END_REF][START_REF] Gronnier | Structural basis for plant plasma membrane protein dynamics and organization into functional nanodomains[END_REF][START_REF] Perraki | REM1.3's phospho-status defines its plasma membrane nanodomain organization and activity in restricting PVX cell-to-cell movement[END_REF][START_REF] Smokvarska | A Plasma Membrane Nanodomain Ensures Signal Specificity during Osmotic Signaling in Plants[END_REF] . Here, we report a detailed protocol for single-particle tracking analysis using photo-activated localization microscopy (sptPALM). We describe the principle of the sptPALM method and how it can be implemented in live plant tissues. We also discuss the advantages and limitations of sptPALM compared to other techniques used to probe molecular diffusion in plants.

sptPALM was first proposed by Manley et al. as a live single-molecule imaging technique aiming at describing the dynamic behavior of single molecules, including their localization and diffusion [START_REF] Manley | High-density mapping of single-molecule trajectories with photoactivated localization microscopy[END_REF][START_REF] Baddeley | Biological Insight from Super-Resolution Microscopy: What We Can Learn from Localization-Based Images[END_REF] . sptPALM is based on a temporal separation of fluorescent emitters, which is achieved by photo-activation or photo-conversion of fluorescent objects induced with low light intensity [START_REF] Manley | High-density mapping of single-molecule trajectories with photoactivated localization microscopy[END_REF] (Fig. 1a-b). This strategy allows that only a small fraction of the fluorescent molecules is stochastically activated, and therefore photo-activated/converted molecules are well separated from each other during imaging [START_REF] Manley | High-density mapping of single-molecule trajectories with photoactivated localization microscopy[END_REF] . This is preventing Airy disk overlap from single emitters, which can then be fitted with high accuracy, typically with ~30 nm lateral resolution [START_REF] Manley | High-density mapping of single-molecule trajectories with photoactivated localization microscopy[END_REF][START_REF] Betzig | Imaging intracellular fluorescent proteins at nanometer resolution[END_REF][START_REF] Thompson | Precise nanometer localization analysis for individual fluorescent probes[END_REF] . Hence, this technique belongs to the super-resolution imaging methods, as it breaks the diffraction barrier (Abbe limit in resolution) [START_REF] Schermelleh | Super-resolution microscopy demystified[END_REF] . In sptPALM, photoactivated/converted single molecules are continuously imaged at a high acquisition rate (>50Hz) using a laser beam adapted to the respective excitation wavelength, in order to probe diffusion behavior. Because this time-lapse acquisition is performed in live samples, with molecules diffusing during the time-lapse acquisition, and photo-activated/converted molecules are not immediately photo-bleached during acquisition (due to excitation with mild laser intensity), this technique allows to track the positions of single molecules through time before the photoactivated/converted fluorescent emitter is bleached (or moves out of focus) (Fig. 1c) [START_REF] Manley | High-density mapping of single-molecule trajectories with photoactivated localization microscopy[END_REF] . This technique thereby allows us to obtain the trajectories of single molecules with a xy resolution of ~30nm. However it does not improve the axial resolution (i.e. depth in z), which is determined in our experimental set-up by the depth of the evanescence wave [START_REF] Platre | Developmental control of plant Rho GTPase nano-organization by the lipid phosphatidylserine[END_REF] . Note that the z-position of fluorescent emitters can be resolved with higher accuracy by using additional methods (not discussed hereafter) based on astigmatic or engineered point spread functions (PSF) [START_REF] Li | Real-time 3D single-molecule localization using experimental point spread functions[END_REF][START_REF] Huang | Three-dimensional super-resolution imaging by stochastic optical reconstruction microscopy[END_REF][START_REF] Siemons | Comparing strategies for deep astigmatism-based single-molecule localization microscopy[END_REF][START_REF] Izeddin | PSF shaping using adaptive optics for three-dimensional singlemolecule super-resolution imaging and tracking[END_REF][START_REF] Shechtman | Optimal point spread function design for 3D imaging[END_REF] . From single molecule tracks, it is then possible to obtain a range of quantitative parameters, including a spatial map of the trajectories, their diffusion coefficient, their molecular displacement, their diffusion type (active, Brownian or constrained), and their transition state (between the different diffusion types) [START_REF] Baddeley | Biological Insight from Super-Resolution Microscopy: What We Can Learn from Localization-Based Images[END_REF] .

Development of the protocol

Single-particle tracking experiments have traditionally been performed on proteins tagged with classical Fluorescent Proteins (FP) [START_REF] Wang | Single-molecule fluorescence imaging to quantify membrane protein dynamics and oligomerization in living plant cells[END_REF] . In this case, since all FPs are excited simultaneously, a single ensemble of molecules (e.g. plasma membrane domains, compartments, clathrin-coated pits, …) is imaged and tracked over time. SPT methods have recently been used to address biological questions in the field of plant cell biology, development and environmental adaptations [START_REF] Wang | Exploring the Spatiotemporal Organization of Membrane Proteins in Living Plant Cells[END_REF][START_REF] Cui | Single-Particle Tracking for the Quantification of Membrane Protein Dynamics in Living Plant Cells[END_REF][START_REF] Wang | Spatiotemporal Dynamics of the BRI1 Receptor and its Regulation by Membrane Microdomains in Living Arabidopsis Cells[END_REF][START_REF] Wang | Single-molecule fluorescence imaging to quantify membrane protein dynamics and oligomerization in living plant cells[END_REF][START_REF] Mckenna | The cell wall regulates dynamics and size of plasma-membrane nanodomains in Arabidopsis[END_REF][START_REF] Martiniere | Cell wall constrains lateral diffusion of plant plasma-membrane proteins[END_REF][START_REF] Zhang | Phosphorylation-Mediated Dynamics of Nitrate Transceptor NRT1.1 Regulate Auxin Flux and Nitrate Signaling in Lateral Root Growth[END_REF][START_REF] Xing | Secretion of Phospholipase Dδ Functions as a Regulatory Mechanism in Plant Innate Immunity[END_REF][START_REF] Zhao | Advances in Imaging Plant Cell Walls[END_REF][START_REF] Zhang | Single-Molecule Techniques for Imaging Exo-Endocytosis Coupling in Cells[END_REF][START_REF] Yu | The dynamics and endocytosis of Flot1 protein in response to flg22 in Arabidopsis[END_REF][START_REF] Wudick | Subcellular Redistribution of Root Aquaporins Induced by Hydrogen Peroxide[END_REF][START_REF] Cui | Sterols regulate endocytic pathways during flg22-induced defense responses in Arabidopsis[END_REF][START_REF] Gronnier | FERONIA regulates FLS2 plasma membrane nanoscale dynamics to modulate plant immune signaling[END_REF] .

Photo-convertible proteins have first been used by Manley and colleagues [START_REF] Manley | High-density mapping of single-molecule trajectories with photoactivated localization microscopy[END_REF] to track single molecules in live-cells, introducing the sptPALM imaging technique. As compared to SPT experiments performed with regular FPs, sptPALM provides information on the diffusion of single molecules. This is an important distinction since the dynamic of single molecules can sometimes show different behavior than their associated structure within the cell. For example, we found that the clathrin light chain 2 (CLC2) shows static punctuated structures at the membrane with very little lateral diffusion when observed with classical FP and tracking analyses [START_REF] Johnson | Single Event Resolution of Plant Plasma Membrane Protein Endocytosis by TIRF Microscopy[END_REF][START_REF] Johnson | Experimental toolbox for quantitative evaluation of clathrin-mediated endocytosis in the plant model Arabidopsis[END_REF][START_REF] Konopka | Dynamics of Arabidopsis dynaminrelated protein 1C and a clathrin light chain at the plasma membrane[END_REF] . In contrast, at the molecular level assessed by sptPALM, we observed that a fraction of CLC2 molecules are diffusing within the membrane [START_REF] Martiniere | Osmotic Stress Activates Two Reactive Oxygen Species Pathways with Distinct Effects on Protein Nanodomains and Diffusion[END_REF] .

To develop our sptPALM protocol in plants, we adapted the sample preparation for sptPALM experiments using total internal reflection fluorescence microscopy/variable-angle epifluorescence microscopy (TIRF/VAEM). Our work built on previous efforts for TIRFM/VAEM imaging in plants, which is made difficult by the presence of the cell wall between the coverslip and the plasma membrane [START_REF] Cui | Single-Particle Tracking for the Quantification of Membrane Protein Dynamics in Living Plant Cells[END_REF][START_REF] Wang | Single-molecule fluorescence imaging to quantify membrane protein dynamics and oligomerization in living plant cells[END_REF][START_REF] Johnson | Single Event Resolution of Plant Plasma Membrane Protein Endocytosis by TIRF Microscopy[END_REF][START_REF] Konopka | Variable-angle epifluorescence microscopy: a new way to look at protein dynamics in the plant cell cortex[END_REF][START_REF] Wan | Application of Variable Angle Total Internal Reflection Fluorescence Microscopy to Investigate Protein Dynamics in Intact Plant Cells[END_REF] . However, we describe how to handle the samples for root imaging in order to have reproducible results (see Experimental design section sample preparation). Second, we optimized the acquisition conditions to obtain the longest tracks possible while maintaining a good precision of localization and we developed an acquisition protocol to obtain reproducible and statistically-sound results (see Experimental design section Choice of microscope and considerations for image acquisition). Third, we developed an analysis pipeline for image post-processing. For this image analyses pipeline, we took advantage of previously published software for single-particle tracking (MTT or TrackMate) [START_REF] Serge | Dynamic multiple-target tracing to probe spatiotemporal cartography of cell membranes[END_REF][START_REF] Rouger | Mapping molecular diffusion in the plasma membrane by Multiple-Target Tracing (MTT)[END_REF] and designed a software-package that we call "sptPALM_viewer", to analyze the tracks and compile the data [START_REF] Platre | Developmental control of plant Rho GTPase nano-organization by the lipid phosphatidylserine[END_REF][START_REF] Martiniere | Osmotic Stress Activates Two Reactive Oxygen Species Pathways with Distinct Effects on Protein Nanodomains and Diffusion[END_REF] (https://github.com/jbfiche/sptPALM) (for details see Experimental design sections Image analysis -Detection and reconnection and Image analysis -Calculation of the mean square displacement and instantaneous diffusion).

Overview of the Procedure

The Procedure described in this protocol consists of five main stages. First, we describe how to prepare the samples, including descriptions of coverslip cleaning (Steps 1-8), plant culture (Step 9) and sample preparation (Steps 10-13). Second, we provide guidelines for image acquisition, including how to set-up the microscope parameters (Steps 14-25), to assess single molecule localization (Steps 26-28), and to check false-positive detections and minimize background fluorescence (Steps 29-34). Third, we describe how to detect and localize the position of fluorescent emitters and track them through time using published tracking software (i.e. MTT or TrackMate [START_REF] Serge | Dynamic multiple-target tracing to probe spatiotemporal cartography of cell membranes[END_REF][START_REF] Rouger | Mapping molecular diffusion in the plasma membrane by Multiple-Target Tracing (MTT)[END_REF] ) (Steps 35 to 53) and to compile these data using our "sptPALM_viewer" (Steps 54 to 55). Fourth, we explain how to use the "sptPALM_viewer" to filter the tracks and to estimate molecule diffusion (Steps 56-62). Fifth, we propose an R-based statistical pipeline for the quantitative analysis of the diffusion data (Steps 63-66).

Applications of the method

We have used sptPALM to study the localization and dynamics of plasma membrane-localized proteins and lipids in Arabidopsis, including the RHO GTPase RHO-OF-PLANTS6 (ROP6), the aquaporin PLASMA MEMBRANE INTRINSIC PROTEIN2;1 (PIP2;1), the P-type ATPase (AHA2), the small integral protein LOW TEMPERATURE INDUCIBLE6b (LTI6b), CLATHRIN-LIGHT CHAIN (CLC2) and a sensor for the plasma membrane-localized lipid phosphatidylserine (PH EVECTIN2 ) [START_REF] Platre | Developmental control of plant Rho GTPase nano-organization by the lipid phosphatidylserine[END_REF][START_REF] Martiniere | Osmotic Stress Activates Two Reactive Oxygen Species Pathways with Distinct Effects on Protein Nanodomains and Diffusion[END_REF][START_REF] Hosy | Super-resolved and dynamic imaging of membrane proteins in plant cells reveal contrasting kinetic profiles and multiple confinement mechanisms[END_REF][START_REF] Smokvarska | A Plasma Membrane Nanodomain Ensures Signal Specificity during Osmotic Signaling in Plants[END_REF] . Using these diverse arrays of proteins, we detected distinct diffusion behavior in the plane of the plant plasma membrane. We found proteins, such as LTI6b, which are largely mobile molecules within the plasma membrane (D around 0.1 µm²/s, with D the diffusion coefficient -note that all log-values mentioned in this manuscript refer to log10-transformed values which you can back-transform using 10 log10(D) ) [START_REF] Martiniere | Osmotic Stress Activates Two Reactive Oxygen Species Pathways with Distinct Effects on Protein Nanodomains and Diffusion[END_REF][START_REF] Hosy | Super-resolved and dynamic imaging of membrane proteins in plant cells reveal contrasting kinetic profiles and multiple confinement mechanisms[END_REF] . By contrast, we found proteins, such as PIP2;1 or AHA2, that are highly confined (i.e. D around 0.001 µm²/s) [START_REF] Martiniere | Osmotic Stress Activates Two Reactive Oxygen Species Pathways with Distinct Effects on Protein Nanodomains and Diffusion[END_REF][START_REF] Hosy | Super-resolved and dynamic imaging of membrane proteins in plant cells reveal contrasting kinetic profiles and multiple confinement mechanisms[END_REF] . In addition, some proteins, such as the phosphatidylserine sensor or the clathrin light chain CLC2 harbor two distinct subpopulations of molecules, one mobile and one immobile [START_REF] Platre | Developmental control of plant Rho GTPase nano-organization by the lipid phosphatidylserine[END_REF][START_REF] Martiniere | Osmotic Stress Activates Two Reactive Oxygen Species Pathways with Distinct Effects on Protein Nanodomains and Diffusion[END_REF] .

Finally, we also found some examples of proteins with distinct diffusion dynamics in response to a given stimulus. For example, ROP6 is largely mobile in the absence of treatment, but about 25-30% of ROP6 molecules become immobile rapidly after treatment with the plant hormone auxin [START_REF] Platre | Developmental control of plant Rho GTPase nano-organization by the lipid phosphatidylserine[END_REF] , or after osmotic stress [START_REF] Smokvarska | A Plasma Membrane Nanodomain Ensures Signal Specificity during Osmotic Signaling in Plants[END_REF] . Importantly, the distinct mobility of a subpopulation of ROP6 in response to auxin or osmotic stress appears to be linked with the signaling activity of this small GTPase [START_REF] Platre | Developmental control of plant Rho GTPase nano-organization by the lipid phosphatidylserine[END_REF][START_REF] Smokvarska | A Plasma Membrane Nanodomain Ensures Signal Specificity during Osmotic Signaling in Plants[END_REF] . Accordingly, a constitutive active mutant of ROP6 (ROP6 CA ), which is locked in its GTP-bound active conformation, also harbors about 30% of immobile molecules even in the absence of auxin treatment [START_REF] Platre | Developmental control of plant Rho GTPase nano-organization by the lipid phosphatidylserine[END_REF] .

While our method was applied to membrane proteins, including transmembrane proteins, lipidbinding proteins, and lipid-anchored proteins, we expect that it could be easily implemented to analyze the localization of other proteins in the vicinity of the cell surface such as cytoskeleton or cell wall components. In fact, we successfully applied our sptPALM technique to image the TONOPLAST INTRINSIC PROTEIN 1;1 (TIP1;1) at the vacuolar membrane [START_REF] Hosy | Super-resolved and dynamic imaging of membrane proteins in plant cells reveal contrasting kinetic profiles and multiple confinement mechanisms[END_REF] . In addition, while we restricted our analysis to a specific part of the root, it should be feasible to perform sptPALM in other epidermal tissues, such as for example young cotyledons and young leaves with a relatively thin cell wall, or hypocotyls (although the latter tends to have a high autofluorescence background in its cell wall). The feasibility of the approach in leaves is supported by the previously published sptPALM experiments in young Nicotiana benthamiana leaves [START_REF] Gronnier | Structural basis for plant plasma membrane protein dynamics and organization into functional nanodomains[END_REF][START_REF] Perraki | REM1.3's phospho-status defines its plasma membrane nanodomain organization and activity in restricting PVX cell-to-cell movement[END_REF] . We can speculate that sptPALM should be feasible in protoplasts, but the difficulty might be for these protoplasts to remain stable over time, which might be achieved in microfluidic chambers or through confinement in micro-welled arrays [START_REF] Durand-Smet | Cytoskeletal organization in isolated plant cells under geometry control[END_REF] . In addition, our analysis pipeline is not specific for plants and may be used to process sptPALM data acquired from other cells or organisms.

Comparison of sptPALM with other optical microscopy methods used to estimate diffusion

Comparison of sptPALM with other single molecule tracking methods.

A number of alternative methods to sptPALM have been developed for single molecule tracking. Most of these methods rely on labeling the protein or lipid of interest with a fluorescent organic dye, such as HaloTag technology [START_REF] Los | HaloTag: a novel protein labeling technology for cell imaging and protein analysis[END_REF] or quantum dots. These labeling strategies have been successfully used in eukaryotic cultured model systems [START_REF] Serge | Dynamic multiple-target tracing to probe spatiotemporal cartography of cell membranes[END_REF][START_REF] Chen | Single-molecule dynamics of enhanceosome assembly in embryonic stem cells[END_REF][START_REF] Holcman | Single particle trajectories reveal active endoplasmic reticulum luminal flow[END_REF][START_REF] Jin | Nanoparticles for super-resolution microscopy and single-molecule tracking[END_REF] , bacteria [START_REF] Banaz | Choosing the right label for single-molecule tracking in live bacteria: side-by-side comparison of photoactivatable fluorescent protein and Halo tag dyes[END_REF] and brain tissues [START_REF] Varela | Single nanoparticle tracking of [Formula: see text]-methyl-d-aspartate receptors in cultured and intact brain tissue[END_REF][START_REF] Varela | Targeting neurotransmitter receptors with nanoparticles in vivo allows single-molecule tracking in acute brain slices[END_REF] . In contrast to sptPALM experiments, the use of bright and stable organic dye/quantum dots allows for tracking single molecules over a much longer period of time (typically >10/20 s, but can be variable depending on the imaging conditions). This increase in tracking duration is highly beneficial when dealing with molecules that have switching diffusion behaviors, as this is possible to analyze transition states on long tracks or to estimate dwell time at the plasma membrane [START_REF] Freeman | Transmembrane Pickets Connect Cyto-and Pericellular Skeletons Forming Barriers to Receptor Engagement[END_REF][START_REF] Groc | Surface trafficking of neurotransmitter receptor: comparison between single-molecule/quantum dot strategies[END_REF] or for protein-DNA interactions [START_REF] Chen | Single-molecule dynamics of enhanceosome assembly in embryonic stem cells[END_REF] .

However, tracking with these labeling strategies requires a tight control of the density of labeled proteins/lipids to reach optimum single molecule imaging conditions. This is usually done by using low concentration of tags or using organic dyes with photo-physical properties compatible with single molecule conditions (such as TMR). Alternative solutions have also been proposed to control the density of emitters, for instance by designing stochastic labeling strategy based on translational readthrough error [START_REF] Liu | Visualizing long-term single-molecule dynamics in vivo by stochastic protein labeling[END_REF] or by designing new photo-activable organic dyes [START_REF] Grimm | Bright photoactivatable fluorophores for single-molecule imaging[END_REF] . Overall, these techniques deliver high-quality trajectories (in term of length) but they also record much less tracks than sptPALM, which can limit their statistical power.

In addition, in order to use proteins with small fluorescent labeled dyes, one depends on the external addition of either the labeled proteins (e.g. exogenous treatment with fluorescent peptides), the dye (e.g. for HALO-or SNAP-tagged proteins) or antibodies [START_REF] Jin | Nanoparticles for super-resolution microscopy and single-molecule tracking[END_REF] . The development of this labeling strategy has largely been hindered in plants because of the presence of the cell wall, which blocks or limits the delivery of the labeling system. However, covalent labeling of proteins using SNAP-tag and exogenous dye application was recently reported in the BY-2 culture cell system [START_REF] Iwatate | Covalent Self-Labeling of Tagged Proteins with Chemical Fluorescent Dyes in BY-2 Cells and Arabidopsis Seedlings[END_REF] . In any case, one clear advantage of sptPALM is that the proteins of interest are labeled by genetically encoded FPs, which by-passes the need for external application.

Comparison of sptPALM with FRAP.

FRAP can generally measure molecular diffusion in the range of 0.2 to 50 µm²/s [START_REF] Lippincott-Schwartz | Photobleaching and photoactivation: following protein dynamics in living cells[END_REF][START_REF] Kang | Simplified equation to extract diffusion coefficients from confocal FRAP data[END_REF] , while sptPALM is optimal in the range of 0.001 to 1 µm²/s (Fig. 2).

FRAP is not a single-molecule imaging method but instead measures protein dynamics by averaging over the behavior of ensembles of biomolecules [START_REF] Jacobson | The Lateral Organization and Mobility of Plasma Membrane Components[END_REF] . It can thus be more difficult to extract biologically meaningful data when there are several subpopulations of molecules with different diffusion behavior (see phosphatidylserine sensor for example [START_REF] Platre | Developmental control of plant Rho GTPase nano-organization by the lipid phosphatidylserine[END_REF] ). Indeed, FRAP analyses require choosing a model for data fitting, which can be complex when subpopulations of molecules exist. However, FRAP experiments also have some advantages. It can be performed with conventional monomeric FPs. Thus, it may be used on most transgenic lines currently available to study protein localization with fluorescent proteins, while sptPALM requires the specific design of reporter lines, which is time-consuming. In addition, FRAP is relatively easy to implement and can be performed on most microscopes, which facilitates its use.

Comparison of sptPALM with FCS. FCS measures the spontaneous fluctuations of fluorescence

in an open volume defined by a focused laser and confocal optics [START_REF] Wawrezinieck | Fluorescence correlation spectroscopy diffusion laws to probe the submicron cell membrane organization[END_REF] . Like FRAP, it can be used with conventional monomeric FPs, however, it requires specific dedicated equipment. FCS has a good temporal resolution (typically 10 -2 to 10 2 µm²/s, Fig. 2), making it particularly suitable for objects with a high diffusion coefficient. Indeed, those are hard to resolve by sptPALM even using stroboscopic illumination, because of camera speed limitations (with an upper bound <100Hz). However, a new tracking modality, called single-molecule displacement/diffusivity mapping (SMdM), can measure the instantaneous displacements of freely diffusing single molecules through the use of local statistics (Fig. 2) [START_REF] Xiang | Single-molecule displacement mapping unveils nanoscale heterogeneities in intracellular diffusivity[END_REF] . Spatial information of diffusion related to membrane confinement or cytoskeleton corralling can also be retrieved from FCS measurement by using variable observation volume [START_REF] Wawrezinieck | Fluorescence correlation spectroscopy diffusion laws to probe the submicron cell membrane organization[END_REF][START_REF] Lenne | Dynamic molecular confinement in the plasma membrane by microdomains and the cytoskeleton meshwork[END_REF] . However, FCS is still limited to a small portion of the membrane and, as it is intrinsically based on fluctuations of fluorescence, it has difficulty to properly assess molecules with very confined diffusion [START_REF] Rose | Lipid Diffusion in Supported Lipid Bilayers: A Comparison between Line-Scanning Fluorescence Correlation Spectroscopy and Single-Particle Tracking[END_REF] . These aspects could constitute limiting factors for plasma membrane proteins in plants, which tend to have slow diffusion [START_REF] Jaillais | The nanoscale organization of the plasma membrane and its importance in signaling -a proteolipid perspective[END_REF][START_REF] Martiniere | Cell wall constrains lateral diffusion of plant plasma-membrane proteins[END_REF][START_REF] Hosy | Super-resolved and dynamic imaging of membrane proteins in plant cells reveal contrasting kinetic profiles and multiple confinement mechanisms[END_REF] .

Dynamics vs. localization. FRAP and/or FCS techniques may be used as independent approaches to confirm and complement sptPALM experiments, as we did in our study on ROP6 dynamics in response to auxin [START_REF] Platre | Developmental control of plant Rho GTPase nano-organization by the lipid phosphatidylserine[END_REF] . It is worth mentioning that sptPALM experiments will not only provide diffusion coefficient, but also the super-resolved localizations of single molecules [START_REF] Manley | High-density mapping of single-molecule trajectories with photoactivated localization microscopy[END_REF] , which are not provided by FRAP or FCS analyses and therefore add another layer of complementary information to diffusion measurements. Finally, a noticeable advantage of sptPALM, when performed in plant cells, is the ability to specifically analyze the membrane protein fractions and discard the cytosolic protein pool: plant cells have a high cytosolic streaming, which makes the diffusion of free cytosolic proteins too fast to be detected by the tracking algorithm and is therefore invisible by sptPALM. In the case of peripheral proteins, which associate transiently to the membrane, this allows focusing the analysis only on the membrane-bound fraction of the molecule.

Limitations of the protocol

This protocol can be implemented by a competent graduate student or postdoc trained in epifluorescence/TIRF microscopy and image analysis. As sptPALM is prone to detection artefacts, we strongly encourage setting up environmental conditions, such as controlled air or medium temperature, exposure to light during sample preparation and limiting mechanical stresses while handling the samples, to decrease background and to obtain reproducible experiments. Preliminary experiments should be performed with robust control lines and markers of interest to determine their basal state behavior before attempting treatments.

The sptPALM protocol described here has a number of limitations. First, it is only possible to measure protein diffusion in the membrane that is facing the coverslip, which restricts the analyses to the epidermis and a single pole of the cell (outer later pole). Second, it is dependent on photo-activatable/switchable FPs. This limits the use of the this protocol to few transgenic lines specifically designed for sptPALM analyses. Indeed, most available transgenic Arabidopsis lines are made of fusion with classical FPs not activatable/switchable FPs. Preparing new transgenic lines stably expressing fusion with activatable/switchable FPs takes a significant amount of time (~6 to 12 months in Arabidopsis) and increases the risk that the expression of such fusion will not be suitable for imaging (e.g. low expression, unstable fusion, silencing of the construct, ...). Third, it is currently restricted to single color analyses -however could be extended to multicolor analysis in the future. Fourth, for a typical sptPALM experiment, thousands of individual tracks are recorded in a few minutes and analyzed in order to assess the diffusion properties of the protein of interest within the cell [START_REF] Platre | Developmental control of plant Rho GTPase nano-organization by the lipid phosphatidylserine[END_REF][START_REF] Manley | High-density mapping of single-molecule trajectories with photoactivated localization microscopy[END_REF][START_REF] Sibarita | High-density single-particle tracking: quantifying molecule organization and dynamics at the nanoscale[END_REF] . Due to the lower brightness and photo-stability of FPs (as compared to organic dyes), the tracks are often very short in sptPALM, limiting the analysis of protein diffusion on longer time-scale (usually <1s). Thus, sptPALM is often not suitable to evaluate the dwell time of proteins at the plasma membrane or proteins with switching diffusion behaviors. Fifth, it is optimal to measure protein diffusion in the range of 0.001 to 1 µm²/s, and hence is not suitable for faster moving soluble proteins.

Experimental design

Genetic considerations. The main constraint of PALM-derivative techniques is that they rely on photo-activatable or photo-convertible biomolecules. We routinely use fusion proteins with mEos2 as a photo-convertible FP [START_REF] Platre | Developmental control of plant Rho GTPase nano-organization by the lipid phosphatidylserine[END_REF][START_REF] Martiniere | Osmotic Stress Activates Two Reactive Oxygen Species Pathways with Distinct Effects on Protein Nanodomains and Diffusion[END_REF][START_REF] Hosy | Super-resolved and dynamic imaging of membrane proteins in plant cells reveal contrasting kinetic profiles and multiple confinement mechanisms[END_REF] . mEos2 is one of the brightest photo-activatable/convertible FPs [START_REF] Mckinney | A bright and photostable photoconvertible fluorescent protein[END_REF] , yet it tends to be fainter than GFP/YFP derivatives when expressed in plant cells. Once transgenic plants are established, fluorescence should be checked using TIRF microscopy, rather than confocal microscopy, which is not as sensitive as TIRF microscopy. For example, we have seen cases in which extremely low mEos2 signals could be detected in the green channel by confocal microscopy, while the expression level was suitable for imaging by TIRF after photoconversion in the red channel. New mEos variants have recently been introduced, including mEos3.2, which is a true monomeric fluorescent protein [START_REF] Zhang | Rational design of true monomeric and bright photoactivatable fluorescent proteins[END_REF] , and mEos4.B, which has a better photostability and resists better to chemical preservation (i.e. cell or tissue fixation) [START_REF] De Zitter | Mechanistic investigation of mEos4b reveals a strategy to reduce track interruptions in sptPALM[END_REF] . These new variants may improve sptPALM experiments, notably to obtain longer tracks, but they have not been tested in plant samples yet. It is important to note that mEos2 (and related FPs), occupies two color channels, which largely precludes its simultaneous use with additional genetically encoded fluorescent proteins for multi-color analyses. If two color analyses are required, researchers should consider using photo-activated (PA) FPs that use a single channel. For example, PA-GFP was successfully used in plants [START_REF] Mckenna | The cell wall regulates dynamics and size of plasma-membrane nanodomains in Arabidopsis[END_REF][START_REF] Martiniere | Cell wall constrains lateral diffusion of plant plasma-membrane proteins[END_REF] and thus could be used in the green channel. Red photo-activatable FPs, such as PA-mCHERRY, PA-mKATE, PA-tagRFP or PA-mRUBY3 [START_REF] Subach | Bright monomeric photoactivatable red fluorescent protein for two-color super-resolution sptPALM of live cells[END_REF][START_REF] Durisic | Single-molecule evaluation of fluorescent protein photoactivation efficiency using an in vivo nanotemplate[END_REF][START_REF] Dahlberg | Identification of PAmKate as a Red Photoactivatable Fluorescent Protein for Cryogenic Super-Resolution Imaging[END_REF][START_REF] Hussein | Red Photoactivatable Genetic Optical-Indicators[END_REF] exist, but, to our knowledge, have not been used so far for single particle experiments in plants and will have to be tested individually.

If possible, it is best to test the functionality of the fusion protein by checking its ability to complement the phenotype(s) of the corresponding loss-of-function mutant plants. We also advise to express the fusion protein under the control of its own endogenous promoter to obtain an expression pattern and expression level close to the endogenous protein. However, proteins with low expression levels in the root epidermis will not be optimal candidates for sptPALM analyses; if there are too few molecules to be imaged, this can bias the analysis because of a low sample size and/or increased background. If different experimental treatments or conditions will be tested, it is advisable to perform sptPALM on a set of control proteins that do not respond to the treatment. For example, we have used Lti6b-mEos2 as a fast-diffusible transmembrane protein and mEos2-AHA2/PIP2;1-mEos2 as a slow diffusing/immobile transmembrane protein [START_REF] Martiniere | Osmotic Stress Activates Two Reactive Oxygen Species Pathways with Distinct Effects on Protein Nanodomains and Diffusion[END_REF] .

These benchmarked fusion proteins and transgenic lines could serve as controls in future experimental set-ups.

Sample preparation. sptPALM experiments are extremely sensitive to micro-environmental

factors because they follow the dynamics of individual molecules. Indeed, the dynamics of membrane proteins can be affected by external factors such as, for example, fluctuation in air or medium temperature, changes of the orientation of the samples with regards to gravity, movement of the samples, mechanical stresses or light conditions. It is therefore of utmost importance to always handle plant samples in a controlled/reproducible way. We typically use dissected root from 5-to 12-day-old Arabidopsis seedlings and always incubate each root for 20 minutes in 3 ml control medium in a 12-well plate (without shaking), before performing the experimental treatment (for example with auxin, or DMSO for the mock treatment) for the desired amount of time. The roots are then directly mounted on the coverslip. To prevent sample squeezing, double sided tape can be used to create a space between the slide and the coverslip.

Evaporation of the mounting liquid, due to long acquisition time, can be limited by sealing with lanolin/vaseline/paraffin (V/V/V) mixture. Dust and debris can be auto-fluorescent; it is thus crucial to be as clean as possible. Always use filtered buffer, single-use plasticware and cleaned coverslips and tweezers. It is of importance to always compare the obtained signal with the one from a mock-treated control. Consequently, this type of control experiment is mandatory for every treatment performed (as the treatment itself may induce an increase in autofluorescence).

Be careful with solvents like DMSO or EtOH; depending on the concentration, they may have a strong impact on the dynamics of plasma membrane components. For example, auxin may be diluted in either DMSO or EtOH but we found a much higher impact of EtOH than DMSO on ROP6 diffusion. In any case, always dissolve the compound in the highest possible concentration of solvent (to reduce the amount of solvent used during the treatment) and perform control experiments with solvent only.

Choice of microscope and considerations for image acquisition. sptPALM experiment may be

performed on any microscope with a TIRF set-up and equipped with a camera suitable for single molecule detection and allowing acquisition rate >20Hz. For highly diffusive proteins, it can be necessary to increase the acquisition frequency >50Hz to avoid deformation of the point spread function (PSF). For regular emCCD cameras, it is usually possible to go beyond the limit of 30Hz by defining smaller ROI instead of working in full-frame mode. We have used the Zeiss Elyra PS1 system equipped with a 100´ α Plan-Apochromat objective (NA 1.46) and an EMCCD (Andor iXonEM+) [START_REF] Platre | Developmental control of plant Rho GTPase nano-organization by the lipid phosphatidylserine[END_REF] , with a pixel size of 0.107μm and an exposure time of 20 ms. This last parameter being dependent on the camera framerate and protein diffusion. We typically image root epidermal cells from the elongation zone up to the fully differentiated cells [START_REF] Platre | Developmental control of plant Rho GTPase nano-organization by the lipid phosphatidylserine[END_REF][START_REF] Martiniere | Osmotic Stress Activates Two Reactive Oxygen Species Pathways with Distinct Effects on Protein Nanodomains and Diffusion[END_REF] , taking one or two acquisitions per root tip (i.e. 3-6 cells). Only the fully expended root hairs are difficult to image since they are either too far from the coverslip or squeezed.

To discriminate between signal and background particular attention must be paid to the size and shape of the observable objects. Dust particles will appear as small immobile particles (2-3 pixels in diameter, below 0,1µm^2) whereas mEOS2 emitting molecules will rather be around 5-6 pixels in diameter. Moreover, dust particles and mEOS2 particles can be discriminated by the fact that the density of photoconverted mEOS2 is proportional to the UV intensity, whereas the background fluorescence should remain constant. Finally, unlike mEOS2, background fluorescent particles are largely resistant to photobleaching and therefore are present all along the acquisition time resulting in long tracks.

Image analysis -Detection and reconnection.

Once the data are acquired, the subpixel localization of each molecule has to be retrieved from its diffraction-limited image. The estimated position is then connected to the one obtained from the previous frame and the process is repeated until the trajectory of the molecule is fully reconstructed.

Many software are available to evaluate single-molecule localization from single-molecule localization microscopy techniques, but most of them do not propose a track reconstruction module [START_REF] Van De Linde | Single-molecule localization microscopy analysis with ImageJ[END_REF] . Only a few solutions combine track reconstruction and molecule localization. Among them, we historically used MTT (which is Matlab-based) [START_REF] Serge | Dynamic multiple-target tracing to probe spatiotemporal cartography of cell membranes[END_REF][START_REF] Rouger | Mapping molecular diffusion in the plasma membrane by Multiple-Target Tracing (MTT)[END_REF] for our sptPALM analyses [START_REF] Platre | Developmental control of plant Rho GTPase nano-organization by the lipid phosphatidylserine[END_REF][START_REF] Martiniere | Osmotic Stress Activates Two Reactive Oxygen Species Pathways with Distinct Effects on Protein Nanodomains and Diffusion[END_REF] .

More recently, the open-source software TrackMate 76 was proposed and is a very good alternative for sptPALM analysis. TrackMate is indeed faster, easier to use due to a minimum number of parameters and runs under ImageJ/FIJI [START_REF] Schindelin | Fiji: an open-source platform for biological-image analysis[END_REF][START_REF] Schneider | NIH Image to ImageJ: 25 years of image analysis[END_REF] . Since both tracking solutions provide similar results, they have been implemented in our analysis For the detection/localization stage, we adjust the parameters in order to detect most of the single-molecule events present in the images while avoiding false-positive detections from the background. For MTT and TrackMate, two parameters need to be tuned:

-the size of the object we want to detect -the detection threshold.

To help us optimize these parameters, both software provide built-in tools to overlay the detections with the raw images.

For track reconnection, both MTT and TrackMate ask for minimal hypotheses on molecule diffusion. In the case of plant membrane proteins that classically display an instantaneous diffusion coefficient between 0.001 and 1 µm²/s, we have fine-tuned the reconnection parameters to work over this wide range of values (see Step 38-44 of the Procedure and Table 2). That way, each set of data is analyzed similarly, independently of the expected diffusion behavior of the proteins. Additionally, it is possible to set a blinking probability that allows a certain number of frames with missing detections within the same track. This is often needed to get long-enough tracks for the analysis.

The definition of the track reconnection parameters will require special care. Indeed, for many reasons, such as variation in fluorescent intensity, loss of focus or molecule blinking/photobleaching, an object detected at frame n can be absent at frame n+1. This can cause the premature stop of tracks. Oppositely, a newly activated fluorescent protein can also be confused with a recently extinct one. As a consequence, the tracks of two independent molecules would be fused with one another, appearing during the analysis as a unique track. This type of reconnection error is tightly linked to the density of molecules in the sample and could be controlled experimentally by modulating the fluorescent proteins activation (see the previous section "Choice of microscope and considerations for image acquisition" and Step 22 of the Procedure).

To assess the quality of the reconnection, we use a home-made graphic user interface called sptPALM_viewer (https://github.com/jbfiche/sptPALM). This interface is used to calculate the MSD and apparent diffusion coefficients of the tracks output by MTT/TrackMate (see the following section "Image analysis -Calculation of the mean square displacement and instantaneous diffusion"). It also allows to check each track one by one for some benchmarked experiments. In addition, sptPALM_viewer can generate a cumulative distribution of particle step length in order to define a maximum distance between two consecutive detections. This correction usually suppresses most of the reconnection errors. As a final verification, a visual inspection of the tracks can be performed on a reconstituted image, where all the tracks from a movie are represented. Note that our sptPALM_viewer may also be used to analyze single particle tracking experiments recorded by other microscopy modalities (confocal microscopy, structured illumination microscopy, or light sheet fluorescence microscopy), but in this case, it will not track single molecules.

To fine-tune the MTT/TrackMate and sptPALM_viewer parameters, it is important to run some controls. Plants expressing proteins with a well-described diffusion behavior can be used for benchmarking [START_REF] Hosy | Super-resolved and dynamic imaging of membrane proteins in plant cells reveal contrasting kinetic profiles and multiple confinement mechanisms[END_REF] (see Experimental Design -Sample Preparation). Additionally, it is possible to measure the diffusion of fluorescent beads in controlled environments such as water/glycerol mixtures [START_REF] Kao | Tracking of single fluorescent particles in three dimensions: use of cylindrical optics to encode particle position[END_REF] . In that case, knowing the experimental conditions (radius of the fluorescent beads, 

Image analysis -Calculation of the mean square displacement and instantaneous diffusion.

One of the most common approaches to quantify molecular diffusion is by calculating the mean square displacement (MSD), which is defined as:

≡ < |x -x | 2 >
It measures the deviation of a diffusing object over time at position x t with respect to a reference position x 0 . In practice the MSD is calculated for each track using the following definition:

= 1 - ( -) 2 1 , = 1,2, . . . , -1
where N is the total number of detections in the track and r i is the i th position within the track.

The MSD is calculated based on all available displacements (N-n) of a given duration n × Δt, the value of Δt indicating the duration between two consecutive images. From this expression, we understand that the MSD values will be properly averaged only for the smallest values of n.

It is worth noticing that the MSD is not the only method allowing an estimation of the diffusion coefficient. In particular, analysis based on step length distribution is also used [START_REF] Xiang | Single-molecule displacement mapping unveils nanoscale heterogeneities in intracellular diffusivity[END_REF][START_REF] Gebhardt | Single-molecule imaging of transcription factor binding to DNA in live mammalian cells[END_REF][START_REF] Izeddin | Single-molecule tracking in live cells reveals distinct target-search strategies of transcription factors in the nucleus[END_REF] though it is more suited for highly dynamic diffusion and/or very short tracks.

The shape of the MSD curve informs about the type of diffusion the protein is undergoing [START_REF] Kusumi | Confined lateral diffusion of membrane receptors as studied by single particle tracking (nanovid microscopy). Effects of calcium-induced differentiation in cultured epithelial cells[END_REF] .

Brownian motion diffusion in isotropic medium presents a MSD curve that is linear over time, with the following expression for 2D diffusion [START_REF] Wieser | Tracking single molecules in the live cell plasma membrane-Do's and Don't's[END_REF][START_REF] Michalet | Mean square displacement analysis of single-particle trajectories with localization error: Brownian motion in an isotropic medium[END_REF] :

( ) = + 4
According to this equation, the diffusion coefficient D of the protein can be directly estimated based on a linear fit of the MSD curve.

In the case of non-Brownian diffusion, the MSD curves will quickly diverge from this simple linear behavior. In particular, for constraint diffusion, the MSD will plateau with an asymptotic value related to the geometry and confinement size L c of the molecules [START_REF] Kusumi | Confined lateral diffusion of membrane receptors as studied by single particle tracking (nanovid microscopy). Effects of calcium-induced differentiation in cultured epithelial cells[END_REF][START_REF] Wieser | Tracking single molecules in the live cell plasma membrane-Do's and Don't's[END_REF] . However, as long as t<< L c ²/D, the linear behavior of the MSD is a fairly good approximation and it is possible to infer the instantaneous diffusion coefficient (D inst ) assuming Brownian diffusion within the confinement zone.

The MSD is calculated based on the estimated localizations of the diffusing molecule, resulting in two types of uncertainties influencing its calculation [START_REF] Michalet | Mean square displacement analysis of single-particle trajectories with localization error: Brownian motion in an isotropic medium[END_REF] . First the precision of localization σ [START_REF] Deschout | Precisely and accurately localizing single emitters in fluorescence microscopy[END_REF] which depends strongly on the brightness of the emitter, the quality of the detector and the intensity of the background in the sample (background signal being a true signal that originates from within the specimen, e.g. due to autofluorescence) and the acquisition noise (noise being created by the detection system, e.g. by random electrical discharge of individual pixels within the camera chip). On the other hand, for fast diffusion, the emitter can travel distances larger than the diffraction limit during the exposure time t e , leading to deformation of the PSF and eventually preventing proper localization by the detection algorithm. The reduced localization error x can be computed in order to estimate which of the two sources of error is predominant:

= For x>>1, the localization error is the main source of error, the distance travelled by the molecule being small as compared to the uncertainty on the emitter position. Interestingly, in this regime, the intercept ε of the linear regression of the MSD over time is a direct measurement of the localization precision:

≃ 4σ

On the other hand, for x<<1, the uncertainty on the emitter localization is completely dominated by diffusion. It is however important to note that, for our sptPALM experiments, we carefully optimize the exposure time t e in order to avoid any observable deformation of the PSF due to diffusion, while ensuring enough intensity for the detection.

To achieve accurate MSD estimation, it is essential to pre-process the data and to select only tracks of good quality. Three parameters can be tuned in the sptPALM_viewer software. First, only tracks that are at least 7 frames long are considered. Due to blinking/missing detections/outof-focus motion, the tracks are not necessarily complete and the location of the emitter can be missing for several time points. Therefore, a second parameter is defining the maximum number of frames separating two detections (by default this parameter is set to 3 frames). And finally, a third parameter is checking that each track is at least 75% complete. A direct consequence of these filters is the loss of more than half of the recorded tracks. Indeed, due to the photophysic of mEos2 (e.g. fast blinking with short ON time and long OFF time, photobleaching, etc.), a large number of the tracks are less than 7 frames long.

As stated before, D inst can be estimated using a linear regression of the MSD curve. For the reasons stated before (small track length, error on the MSD estimation, non-Brownian behavior, etc.) the MSD will have a linear behavior only for the lowest values of n × Δt and the regression will be limited to the first points of the curve. By default, we use the first four points for the regression but this parameter can be adapted according to the diffusion properties of the protein under study [START_REF] Michalet | Mean square displacement analysis of single-particle trajectories with localization error: Brownian motion in an isotropic medium[END_REF] .

Considering previous published works, both theoretical and experimental [START_REF] Hosy | Super-resolved and dynamic imaging of membrane proteins in plant cells reveal contrasting kinetic profiles and multiple confinement mechanisms[END_REF][START_REF] Michalet | Mean square displacement analysis of single-particle trajectories with localization error: Brownian motion in an isotropic medium[END_REF] , our experimental conditions are optimal for a diffusion range from 0.1 to 0.01 µm²/s. For diffusion coefficients above 0.5 µm²/s, the exposure time and the excitation laser power would have to be optimized in order to avoid PSF deformation and mislocalization errors. Indeed, the molecules can cross distances higher than the diffraction limit if the exposure time is too long, leading to aberrant PSF shapes that could eventually be excluded during the detection step. Moreover, the probability of reconnection errors will increase as tracked objects will explore more space between two consecutive frames.

To experimentally determine these upper limits for D inst , plants expressing fast diffusing protein can be used. For instance, TIP1;1 (a tonoplast localized aquaporin) was reported to have a D inst around 1 µm²/s, which is usually way higher than plasma membrane-localized proteins [START_REF] Hosy | Super-resolved and dynamic imaging of membrane proteins in plant cells reveal contrasting kinetic profiles and multiple confinement mechanisms[END_REF] .

Similarly, for very low diffusion coefficients (<0.01 µm²/s), uncertainty on the emitter localization dominates the precision of D inst estimation. Indeed, due to camera noise and low signal-to-background ratio, single mEos2 molecule localization precision is usually around 30 nm in our conditions. Using recombinant purified mEos2 proteins immobilized on a coverslip surface we found the experimental lower bound of D inst to be equal to 0.001 µm²/s.

Finally, our sptPALM_viewer is implemented with a simulation module that can help optimize the set of parameters used for the detection (MTT or TrackMate) and the analysis (sptPALM_viewer). One or two sub-population(s) of particles can be simulated with different diffusion coefficient values and ratio. Videos can be generated with stochastic appearance of particles with predetermined ON and OFF state, blinking behavior, and signal-to-noise ratio. The parameters of the emCCD detector and the imaging conditions can also be tuned according to the typical experimental conditions. The simulated movies can then be analyzed in order to test whether we can retrieve the diffusion properties of the simulated sub-populations.

Statistical analysis.

For each tested experimental condition, after a first interactive exploration (see Steps 56-62 of the Procedure), we aim at statistically validating the existence of one or two sub-population(s) of molecules, which is more or less apparent from their log10(D inst ) values (see

Steps 63-66 of the Procedure). For that purpose, we rely on the Mixture Modeling (MM) framework as a data-driven partitioning of immobile/slow and mobile/fast molecules. We first propose the use of Gaussian MM (GMM [START_REF] Reynolds | Gaussian Mixture Models[END_REF] ) using the mclust R package as in [START_REF] Platre | Developmental control of plant Rho GTPase nano-organization by the lipid phosphatidylserine[END_REF] . Briefly, 3 GMMs are competed with either G=1 or G=2 Gaussian components. The parameters of the GMM -a mean μ g , a variance σ 2 g and a mixing proportion p g of each g th Gaussian component(s) (p g >0, p 1 +p 2 =1) are estimated by maximization of the likelihood with a modified Expectation-Maximization (EM) algorithm [START_REF] Reynolds | Gaussian Mixture Models[END_REF][START_REF] Dempster | Maximum likelihood from incomplete data via the EM algorithm[END_REF] . The mixing proportions p g can be viewed as a prior probability that any track belongs to the g th component. Two components can be constrained to share the same variance (σ 2 1 =σ 2 2 =σ), denoted by the "E" model, or have variance-specific (σ 2 1 ≠σ 2 2 ) value, denoted by the "V" model. We use a likelihood-based criterion, the Bayesian Information Criterion (BIC), to retain the best model, i.e. with the smallest BIC value. All log10(D inst ) values per cell are pooled and if one Gaussian is retained, there is no threshold to be set, otherwise an optimal threshold is set according to the Maximum A Posteriori (MAP) rule where every single track is assigned to the component corresponding to the highest component membership posterior probability. The threshold corresponds to the intersection point of the two posterior probabilities of belonging to each component. Tracks with log10(D inst ) values below this threshold refers to the slow sub-population, whereas values above denote the fast subpopulation. Finally, a 95% confidence interval (CI) is reported by default for each estimated parameter of the GMM by bootstrapping, using 999 bootstrap replications.

It is important to note that GMM assumes the presence of symmetric components although empirical data may be more complex, with presence of asymmetry in one component. We therefore additionally propose to extend the Gaussian case by allowing the presence of skewness, determined by one additional shape parameter [START_REF] Azzalini | A Class of Distributions Which Includes the Normal Ones[END_REF] . Each component g of such mixture of scale mixtures of skew-normal (denoted as FMSMSN [START_REF] Prates | Fitting Finite Mixture of Scale Mixture of Skew-Normal Distributions[END_REF] ) is thus characterized by a location ε g , a scale λ 2 g , a shape β g and a mixing proportion p g . The mean and variance of each component can be found back by μ g = ε g + λ g δ g √(2 g /π) and σ 2 g = λ 2 g (1-2 δ 2 g /π) with δ g = β g /√(1+β 2 g ). The principle is the same as for the GMM except that 95% (default) CIs are obtained using the Fisher information matrix. From this analysis, several graphs and tab-separated text files are generated in order to perform further statistical analyses or data visualization. WT Col0 (NASC #1092), 35S::mEos2-PH EVECT2 phosphatidylserine biosensor [START_REF] Platre | Developmental control of plant Rho GTPase nano-organization by the lipid phosphatidylserine[END_REF] , PIP2;1-mEos2 [START_REF] Hosy | Super-resolved and dynamic imaging of membrane proteins in plant cells reveal contrasting kinetic profiles and multiple confinement mechanisms[END_REF] and small integral plasma membrane protein LTI6b-mEos2 [START_REF] Martiniere | Osmotic Stress Activates Two Reactive Oxygen Species Pathways with Distinct Effects on Protein Nanodomains and Diffusion[END_REF] . 

Materials Biological Materials

Reagents

) Coverslip cleaning (Steps 1-8):

Transfer the coverslips on the stainless-steel/plastic rack and place it in the staining jar (Fig. 3a andb).

Critical step: Proper cleaning of coverslips is a crucial step to avoid dust, unspecific detections and background fluorescence.

2) Add 100% acetone in the jar and incubate 10 minutes under a chemical hood.

3) Remove the acetone and replace by 96 % EtOH, incubate 5 minutes. Replace the EtOH by fresh 96% EtOH and incubate for another 5 minutes. Critical step: Plant lines expressing tagged proteins with known dynamics at the plasma membrane should be used as controls. We routinely use LTI6b-mEos2 and PIP2;1-mEos2 [START_REF] Martiniere | Osmotic Stress Activates Two Reactive Oxygen Species Pathways with Distinct Effects on Protein Nanodomains and Diffusion[END_REF] as examples of highly mobile and immobile proteins at the plasma membrane, respectively. In addition, the phosphatidylserine biosensor mEos2-PH EVECT2 can be used; this protein is present in two states (mobile/immobile) at the plasma membrane [START_REF] Platre | Developmental control of plant Rho GTPase nano-organization by the lipid phosphatidylserine[END_REF] .

10) Sample preparation (Steps 10-13):

Carefully dissect roots 1.5-2 cm from the root tip and transfer them in 12-well plates supplemented with 3 ml medium (classically liquid MS medium without sugar) using tweezers. Alternatively, the entire seedlings can be transferred to the well (Fig. 3c).

Critical step:

To ensure proper treatment and homogenous results ensure that specimens are fully immersed in the medium.

11) Incubate 20 min without shaking before transferring the roots into a new well containing the desired treatment (hormone for example) (Fig. 3c).

Critical step: Take along the required controls and mock treatments. Use a new well for each treatment. Properly clean tweezers between every sample transfer to avoid control or mock medium contaminations with treatment medium.

12) Place a cleaned coverslip on a lens cleaning tissue immobilized on the bench using surgical tape, add 60 µl of mounting medium (liquid MS medium) onto the coverslip.

If the coverslip is perfectly clean, the medium droplet should spread over the surface (Fig. 3d).

13) Place the roots in the middle of the coverslip, perpendicularly to its main axis (Fig. 3e). Carefully place the microscope slide on top of the sample (be careful to not crush the samples). Proper cleaning of coverslips should prevent the formation of air bubbles between the two glass layers. Tape both sides of the coverslip to the slide to ensure proper assembly and spacing (Fig. 3e andf). A spacer of 2 to 3 layers of tape can be added both sides in between slide and coverslip to prevent sample crushing.

Critical step: Avoid squashing the sample as it will affect protein dynamics at the plasma membrane. Moreover, damaged cells will release fluorescent proteins in the medium creating false-positive detections everywhere. Sample integrity has to be checked using transmitted light. Further controls to ensure the integrity of the sample must be done during the acquisition steps, see below.

Image acquisition (TIMING 4 hours)

14) Setting the microscope parameters (Steps 14-25)

Place the sample under the microscope. In our example, imaging is performed on a Zeiss Elyra PS1 system with a 100´ α Plan-Apochromat objective (NA 1.46), in TIRF mode (TIRF angle between 63° and 73°) .

Critical step: Always image WT non-transgenic lines using the same illumination conditions as with fluorescent samples to ensure that medium and coverslips are clean (no or very few fluorescent event(s) should be detected).

15) Specify the imaging parameters in the ZEN software. To maximize the signal-tonoise ratio, set gain parameter to 300. The pixel size was 0.107 µm.

16) Name the collected Raw data "Construct_treatment". 21) Excite photo-converted mEos2 using a 561-nm laser.

22) Adjust the UV laser power to photo-activate a significant number of molecules without having too many molecules activated at the same time to facilitate further analyses. Use between 0.01 and 0.1% of laser power usually for a Zeiss Elyra PS1, to 0.1 µW-1.03 µW at the objective.

Critical step.

Empirically adjust the UV laser intensity to obtain between 10 and 25 molecules detection per frame. If the number of activated molecules is too low, they will be detected easily, but the number of tracks will be low, which will diminish the statistical power of the analysis. By contrast, if the number of activated molecules is too high, they will be hardly localized correctly, which will lead to errors in track reconstruction. It is therefore required to empirically adjust the laser power to reach an optimum balance between detecting enough molecules and being able to separate single activated molecules. Fig. 4a shows a typical example of an acquisition with only a few visible molecules due to a low number of photo-conversion events (the UV laser power is too low). In Fig. 4b, the 405-nm laser power was slightly increased to reach enough photo-conversions (between 10 and 25 molecules per frame, here 17 spots). Fig. 4c shows an example where the UV laser power was too high, resulting in too many detections. In that case, the high proximity of detected molecules might lead to errors in track reconstruction, see Fig. 4d magnification of 4c.

? TROUBLESHOOTING 23) The 561-nm laser intensity will also influence the molecule density by impacting the life-time before mEos2 molecules photo-bleaching. Use between 10 and 20% of laser power usually for a Zeiss Elyra PS1, to 3.2 mW-6.35 mW at the objective.

Critical step:

To ensure a proper localization of the fluorescent particles, the signal-tobackground (S/B) ratio must be equal or higher than 4 in our setup (where background signal is true signal that originates from within the specimen, e.g. due to autofluorescence). Calculate the S/B ratio by opening a movie with ImageJ and draw a line across a spot using the line-tool. Measure the signal along the line using the "Analyze/Plot Profile" tool (Fig. 4g andh). The highest value of the resulting intensity curve will provide an estimation of the fluorescent signal of interest (Si). 27) Check that a single emitter goes under stochastic dark state (blinking) (Extended Data Figure 1a andb). This phenomenon is not visible if several molecules are activated within the same Airy disc. In practice, when setting up the experiment, measure the intensity of several emitters over time and check that photobleaching/blinking happens as a single-step transition.

28) For immobile/slowly diffusing proteins, perform intensity measurement using ImageJ/FIJI by selecting a small ROI around the emitter and apply the Image/Stack/ z profile tools in order to get the intensity variation over time.

29) Checking for false-positive detections and background fluorescence (Steps 29-34):

Include in the field of acquisition an area without any cells. Make sure that no signal is seen in such area. However, keep in mind that high excitation power will increase the photo-bleaching rate of the fluorescent proteins and consequently, will reduce the average track length of your detections.

33) Depending on the sample and its position with respect to the coverslip, optimize the signal-to-background ratio by carefully adjusting the laser incident angle in order to reach VAEM or TIRF illumination conditions (Step 14). If the incident angle is too small, fluorescence arising from intracellular compartments can be detected (rather than from the plasma membrane only) and degrade the signal-to-background ratio of the images. On the other hand, if the incident angle is too high, the excitation of the sample will no longer be optimum and no fluorescence signal will be detected.

34)

As already described in the literature [START_REF] Mattheyses | Effective elimination of laser interference fringing in fluorescence microscopy by spinning azimuthal incidence angle[END_REF] , sample illumination is often uneven when using laser excitation. To attenuate this phenomenon, use spinning azimuthal excitation, which results in a more homogeneous field of excitation [START_REF] Mattheyses | Effective elimination of laser interference fringing in fluorescence microscopy by spinning azimuthal incidence angle[END_REF][START_REF] Fiolka | Even illumination in total internal reflection fluorescence microscopy using laser light[END_REF] .

PAUSE POINT. Once acquired, images can be analyzed at any time.

? TROUBLESHOOTING

Image analysis. TIMING 1 day

Critical Single-molecule detection and tracks reconstruction can be done with the MTT algorithm [START_REF] Serge | Dynamic multiple-target tracing to probe spatiotemporal cartography of cell membranes[END_REF][START_REF] Rouger | Mapping molecular diffusion in the plasma membrane by Multiple-Target Tracing (MTT)[END_REF] . Further computational analyses of tracks are carried out using sptPALM_viewer [START_REF] Platre | Developmental control of plant Rho GTPase nano-organization by the lipid phosphatidylserine[END_REF][START_REF] Martiniere | Osmotic Stress Activates Two Reactive Oxygen Species Pathways with Distinct Effects on Protein Nanodomains and Diffusion[END_REF] . Note that, as an alternative to MTT, molecules detection and reconnection can be achieved with TrackMate [START_REF] Tinevez | TrackMate: An open and extensible platform for single-particle tracking[END_REF] .

Step 35 to 44 explains how to use the MTT software. For TrackMate, please refer to the TrackMate user manual [START_REF] Tinevez | TrackMate: An open and extensible platform for single-particle tracking[END_REF] and go directly to step 45.

47)

Select the type of data to upload depending on the type of detection and reconnection software (MTT or TrackMate). Click on the "Load MTT files" or "Load TrackMate files" button to load the tracks output files.

Critical step: By selecting a folder, the software will load all .mat/.xml files and calculate MSD, D inst and log10(D inst ) on all datasets, allowing cell-per-cell analysis or pooling all cells with the same background and/or treatment. When ticking the "Save trajectories" option, two text files will be created. The first one will contain all the xy coordinates of the detected objects ("Localizations.txt"), whereas the second consists in track centroids and lengths of all trajectories ("Localizations_average.txt"). These data can be directly used for particle clustering analysis, using for instance the SR-Tesseler software [START_REF] Platre | Developmental control of plant Rho GTPase nano-organization by the lipid phosphatidylserine[END_REF][START_REF] Martiniere | Osmotic Stress Activates Two Reactive Oxygen Species Pathways with Distinct Effects on Protein Nanodomains and Diffusion[END_REF][START_REF] Levet | SR-Tesseler: a method to segment and quantify localization-based superresolution microscopy data[END_REF] . Loading tracks will generate two outputs: the cumulative distribution of the step length and the histogram of trajectories duration (Fig. 6b andc). These plots give an overview of the properties of the reconstructed tracks. In the statistics panel, the number of movies and the number of trajectories loaded will be indicated (Fig. 6a). Both plots are automatically saved in the folder.

? TROUBLESHOOTING 48) In case the selected files were previously loaded and analyzed, a .mat file containing the raw data as well as the results of the analysis is created. The name of this file can be modified in the "Saving file name" edit-line. When loading already analyzed MTT/Trackmate files, a dialog box will display the following message: "Previous analysis with the same name was found. Do you want to proceed anyway (previous data will be lost)?". This message indicates that the data have been already analyzed and the .mat file containing the results of this analysis was found in the selected folder. Click "Load previous analysis" to load the result files and apply different filtering parameters on the tracks. Click "Proceed" for reloading the files and starting a new analysis.

49) Visualize the time-lapse stacks and corresponding trajectories using the visualization tool (Fig. 6d).

50) Click on "Load movie" to select a .tif file, then click on the "Load trajectories" button to select the associated .mat/.xml files in the corresponding folder.

51) Upon loading both files, adjust "Contrast (upper limit)" to see the signal.

52) Use the "Select frame" to select time points. Reconstructed trajectories will be added to the image, color-coded in blue for early time points of the tracks shifting to green and red for later time points (Fig. 6d).

53)

Optional: Export the video as .avi.

54) Analysis parameters panel (Step 54-55).

Filter short tracks or tracks with missing points by adjusting the analysis parameters panel (see Table 2 for a full description).

Critical step:

Parameters can be re-adjusted after a preliminary analysis that clearly shows aberrant reconnection (i.e. straight reconnection between two points above a certain distance). In these experiments, the following parameters were used: 0.75 µm as a maximum distance between two detections, no blinking was allowed (0), only tracks with at least 7 frames were selected, and 4 points were used for computing D inst . The display time for MSD was set to 0.5s. Because soluble proteins (such as free mEos2 for example) diffuse rapidly, they travel a distance greater than 0.75 µm between two successive acquisitions and thus are not detected as tracks by the sptPALM_viewer software.

55) Adjust the blinking threshold to increase the number and the length of the tracks. We usually use values from 0 to 3 but it is necessary to verify the quality of the track reconnection.

Critical step:

As explained before, the particle density can lead to some reconnection appear as straight lines connecting two points above a certain distance (Extended Data Figure 2a). Another type of wrong trajectories corresponds to very long tracks that are likely due to background signals (Extended Data Figure 2b). See troubleshooting Table 3.

56) MSD & Diffusion analysis: a viewer (Steps 56-62).

Click on "Analyse trajectories". Alternatively, sptPALM_viewer can retrieve Dinst estimate by directly calculating the ratio of the MSD over time: this method is less computationally demanding and can be used as a first approximation, it is also less accurate for Dinst below 0.01 µm²/s. Therefore the regression procedure should always be favored.

57) A dialog box will ask for Region Of Interest (ROI) selection. If desired, click Yes and select a movie from the same dataset as the .mat/.xml file. It will be used to calculate an average intensity image.

58

) Draw an ROI to analyze a given cell from the field of view or to work on the background area. Note that the results will be saved in a .mat file with names indicated in "Saving file name" edit-field. Therefore, a specific name file can be saved for each ROI.

Critical step:

As explained in the section "Calculation of the mean square displacement and instantaneous diffusion" the number of points selected for the linear fit is a critical parameter for the estimation of D inst . By default, it is set to the first four points of the MSD curve but it can be optimized depending on the diffusion properties of the proteins under study. At the end of the processing, the user can manually explore heterogeneity within each cell for a given condition.

59)

A dialog box will open with two options: "Do you want to fit the distribution with one or two Gaussian?". Select the one-population option if your molecule of interest appears to behave homogenously as a single population (and seems valid for example for Lti6b-mEos2 and PIP2;1-mEos2 lines, Fig. 7a andd). The output files will be as followed: histogram of log10(D inst ) ("Saved_MSD.txt") (Fig. 7b ande). If the "Plot trajectories" option was ticked, the 60) If two sub-populations of molecules are apparent (Fig. 7g), mouse click on the approximate separation between sub-populations. This will provide starting values to parameterize the two Gaussian distributions, each associated with one of the two subpopulations ("FitGaussianDistribution.m"). The two resulted Gaussian densities, scaled to the proportion of molecules in each sub-population (mEos2-EVECT line Fig. 7g andi), will then be overlaid with the histogram of log10(D inst ) values. In the output files, the log10(D inst ) values will be partitioned between the fastest (orange, biggest mean) and the slowest (blue, smallest mean) sub-populations (Fig. 7h). The threshold value for the partitioning is defined by the intersection of the two Gaussian densities. In addition, two MSD curves will be calculated as a function of time and displayed according to the same color code (Fig. 7i). Note that each MSD curve corresponds to the median MSD over time calculated from all the tracks belonging to the selected cell.

? TROUBLESHOOTING 61) Select "Trajectories plot (two populations)" and "Plot previous analysis" to visualize the two sub-populations of trajectories (Fig. 7j andk). The trajectories will be colorcoded with the tracks corresponding to fast diffusing molecule in orange and the tracks corresponding to slow diffusing molecule in blue (Fig. 7k). Note that a complete statistical analysis is available and detailed in the next section ("MSD & Diffusion analysis: a data-driven partitioning using Mixture Modeling" Steps 63-66)

where the two Gaussians, denoted as a "mixture" of distributions, are estimated and tested on the pool of cells for a given condition. This will avoid that one cell gives a spurious idea of the behavior of all cells under this condition. Note that all output files are automatically saved in the folder.

62) Retrieve additional information in the statistics panel after the analysis -recapitulated in "Parameters_analysis.txt". These information include the number of trajectories after filtering, the number of trajectories found in the ROI, the number of trajectories used to quantify the diffusion coefficient and the density of the tracks in the ROI. If no ROI was selected, these numbers correspond to the whole field of view.

TROUBLESHOOTING

63) MSD & Diffusion analysis: data-driven partitioning using Mixture Modeling (Steps 63-66).

Organize the data as follow. The root directory is called "Test_Folder".

Within the root directory containing the data to be analyzed is named "Line_Condition". One sub-directory represents one cell and initially contains a single text file called "Saved_Diffusion_Coeff", generated in step 59, with commaseparated columns and decimals encoded by a dot. Note that the R script (see Step 66) will create an additional sub-directory "pool" where all cells belonging to the same "Line_Condition" are pooled together in order to assess the presence of subpopulations and eventually set a threshold.

64) Open SPTpalm_Rscript in RStudio script editor (Fig. 8a).

65)

Modify the parameters to be set by the user in the R script:

• line 14: absolute path of the root directory where are the datasets to be analyzed ("~/Desktop/Test_Folder/" for instance);

• line 15: dataset name, for instance type "EVECT2_Ctrl" ("Line_Condition") for a single or c("PIP2_Ctrl", "Lti6B_Ctrl", "EVECT2_Ctrl") for multiple datasets, providing they are all located in the same Test_Folder root directory;

• line 17: number of bins for the histograms, set to 30 by default;

• line 18: type of mixture model, "GMM" classic gaussian mixture model or "FMSMSN" for skewed-gaussian mixture model (if both analyses are required, c("GMM", "FMSMSN"));

• threshold for the parameters CIs, set to 95% by default.

66) Run the script.

Critical step:

The output files generated by the script will provide the following: two histograms of D inst and log10(D inst ) per cell for each sub-directory are generated on the same panel in .tif (Fig. 8b). The created "pool" sub-directory contains the following files and plot. The "Saved_Diffusion_Coeff_pool" text file concatenates all D inst and log10(D inst ) values per cell for the current dataset. The "summary" text file reports the parameter estimates from either the GMM or FMSMSN analysis as well as the BIC, the CIs, the MAP threshold and a Boolean indicated the best BIC-based model. For GMM, "X" refers to a single population, "E" and "V" stands for equal or variance-specific components. Note that all mixture models with 1 or 2 components are fit and reported whatever the best BIC-model is retained. A text file "classes_Diffusion_Coeff_pool" summarizes sub-populations obtained from the best BIC-based model -≤MAP threshold, >MAP threshold, all tracks -information for each cell and for the pool (group, number and proportion of tracks, mean and standard deviation of log10(D inst ) in each subpopulation). Histograms of log10(D inst ) distributions pooled and per cell are displayed on the same .tif, overlayed with the color-coded density of the mixture components, the MAP threshold and the fraction of tracks classified in each component. A suffix, "_GMM" or "_FMSMSN", is added to the two text files as well as the .tif to avoid that both types of analysis are overwritten.

Troubleshooting

Troubleshooting advice can be found in Table 3 Timing

Step 1-8, Coverslips cleaning: 45 minutes.

Step 9, Plant growing: 10 minutes to sow seed, 5 days growth

Step 10-13, Sample preparation: 45 minutes, more if multiple incubations are needed.

Step 14-34, Acquisition: 4 hours.

Step 35-55, Detection and reconnections: 4 hours (can be done overnight).

Step 56-66, MSD and Diffusion analysis: 5-8 hours.

Anticipated results: Analysis of molecules heterogeneity for a given genotype/condition

Overall, this protocol enables researchers to localize and to track individual molecules, and to describe their diffusion properties. As case studies, we here discuss 3 example proteins where latent sub-populations can be more or less easily distinguished by eye and we later emphasize the additional value of the MM framework.

First exploration with the viewer. Fig. 7 shows the sptPALM_viewer results obtained from one acquisition per genotype for roots expressing LTi6B-mEos2, PIP2;1-mEos2 or mEos2-PH EVECT2 .

For Lti6B-mEos2, the distribution of log10(D inst ) seems to present a single major population of relatively mobile molecules (average log10(D inst )=-1.22) (Fig. 7a), with the corresponding MSD curve and overlay of all tracks in Fig. 7b and Fig. 7c. For PIP2;1-mEos2, the distribution of log10(D inst ) also seems to present a single population though with a heavier right-tail than Lti6B-mEos2, but molecules are rather immobile (log10(D inst )=-2.45) (Fig. 7d). The MSD values over time are low, plateauing at roughly 5⨉10 -3 µm 2 /s (Fig. 7e). For mEos2-PH EVECT2 , the variance of the log10(D inst ) distribution is clearly bigger than the other lines (Fig. 7g). In this example, the user should select the two sub-populations option in Step 59, which provides a starting threshold to separate both sub-populations and result in the fitting of a two-gaussian model. Fig. 7h displays the result of the fit (average log10(D inst )=-1.23, blue mobile partition, and average log10(D inst )=-2.39, orange immobile partition). The two corresponding MSD curves are given in Fig. 7i. Fig. 7j shows the overlay of all the tracks, which are color-coded for the two subpopulations in Fig. 7k. Note that the areas that correspond to the extracellular space have very few detected particles (stars).

Second step with the mixture model. We combined multiple acquisitions to perform formal statistical analysis using "SPTpalm_Rscript" with the data-driven MM framework (see Steps 63-66). Results are given in Fig. 8 for mEos2-PH EVECT2 and Extended Data Figure 3a plugins and R code for the statistics) as well as data used for the figures are accessible from http://bioserv.cbs.cnrs.fr/DOWNLOAD/sptPALM_data/. Additional advice on how to use them can be obtained from the authors upon reasonable request. The section at the top shows the dynamic range of FRAP, FCS, sptPALM and SMdM for studying protein diffusion in cells. The section at the bottom, shows the typical dynamic range of membrane proteins and free cytosolic proteins [START_REF] Milo | What are the time scales for diffusion in cells? in Cell Biology by the Numbers[END_REF] . Note that the dynamic range to estimate diffusion by sptPALM fits well with the typical diffusion of most plasma membrane proteins but not free cytosolic proteins. Minimal track length has to be long enough to permit a good estimation of the MSD. The default value is 7 frames. 

  pipeline and we indicate how to use either solution throughout the protocol. Because TrackMate is a fully open source freeware running with ImageJ/FIJI, we now favor this solution. For both software, single-molecule trajectories are reconstructed following a three-stage workflow: 1) detection of peaks potentially associated with single fluorescent emitters, 2) quality test and estimation of the subpixel position and 3) track reconnection.

  /www.met.reading.ac.uk/~sws04cdw/viscosity_calc.html), it is possible to theoretically derive the diffusion coefficient based on the Stokes-Einstein equation and to compare it with the results of sptPALM measurements. Finally, simulated data can be used to test the robustness of selected parameters in the case of extreme diffusion behavior or mixed populations. To this end, we have added a simulation module to sptPALM_viewer.

-

  Photo-Activable ( PA-GFP, PA-mKate PA-mCH) or photo-convertible (mEos2) fluorescent proteins. Transgenic marker lines expressing fluorescent fusion proteins were used for control:

-

  MilliQ water, >18MOhm-cm, 0.22 μm filtered, Ultrapure water (Staining jar 50 slides (Dutscher 048903), plastic rack (VWR 631-9520) -Coverslips Menzel glaser 24×40 mm (VWR, MENZBB024040M113), 0.13 -0a TIRF arm and a TIRF objective (for examples, Zeiss Elyra

1

 1 

4 ) 5 ) 7 ) 8 ) 9 )

 45789 Remove EtOH and replace by MilliQ H2O containing 1M KOH, incubate 10 minutes. Rinse five times with milliQ H2O (without KOH). 6) Remove the rack from the jar and place it on paper tissue to remove the excess of water. Carefully set up a Bunsen burner flame. Close the collar (air regulator), then turn the collar back to let a small amount of air pass through. Open the gas tap and generate sparks over the Bunsen burner. The flame should have a yellow/orange color. Increase the flame heat by turning the collar until the flame turns blue. The temperature is critical because if it is too low it will result in black residue on the coverslips and if it is too hot the flame will damage the coverslips. Carefully remove one by one the coverslips from the rack using clean tweezers, flame dried them for approximately 10 seconds by passing through the flame on one side then the other. Once there is no more water, put the coverslips in culture plates, which have been covered with aluminum foil beforehand. ? TROUBLESHOOTING Critical step: Trash coverslips that have rifts, bends or visible residues. PAUSE POINT. Once wrapped in aluminum foil, the cleaned coverslip can be stored for several months. Plant culture (Step 9). Grow Arabidopsis seedlings vertically on solid MS medium for 5 days in square Petri dishes.

17 )

 17 Saved the collected Raw data in a single folder (Example Date/RawData). 18) Record 10,000 image time series at 50 frames per second (20 ms exposure time) on a 256 x 256-pixel Region Of Interest (ROI) (the size will depend on the readout of the camera). Using those experimental conditions, 3 minutes and around 20 seconds are required to acquire a single sptPALM experiment. Critical step: We chose this duration for each time series because this is a good tradeoff between the maximization of the number of events recorded and the stress experienced by the plant. It is important to check if the imaging could influence the biological response under study. Typically, post-acquisition, it is possible to split the time series in smaller movies and analyze them separately in order to confirm the stability of the results over the course of the acquisition. 19) Activate the Zeiss Definite focus to ensure focus maintenance and set automatic readjustment every 2,000 frames. 20) Photo-convert mEos2 by continuously applying a 405-nm UV laser during the acquisition.

26 )

 26 Estimate the background intensity by drawing a circular ROI of a few pixels in diameter (>10), close to the fluorescent spot to have comparable excitation intensity. No detection should be seen within this ROI and it must be inside the cell in order to measure the influence of the cellular background fluorescence. Measure the fluorescence background (B) using the standard deviation of the signal. 24) Test the potential effect of the imaging on protein diffusion by comparing the first and the last 1,000 images of a single time series. If you observe large difference between the beginning and the end of the acquisition, discard the observation and set new imaging parameters (Steps 14 to 23). Parameters that can be adjusted include reducing laser power, the length of the acquisition or the laser incident angle. ? TROUBLESHOOTING 25) Repeat Steps 14 to 24 no more than three to four time on the 2-3 root tips before changing the slide. Assessing that you are working in single molecule conditions (Steps 26-28). Ensure that the fluorescence of single emitters disappears in a single-step transition. If the intensity of the emitters is gradually decreasing, it means that several emitters are detected within the same diffraction-limited volume.

30 )

 30 Perform a global visualization of the acquisition using ImageJ/FIJI Stack tool "Max Intensity" projection. A projection of 1,000 frames out of the 10,000 (Fig.4e) will create a new image with maximum value for each pixel over time resulting in a projection of all spots. Check the signal in the regions between cells or out of the sample on such projection, they should show no or low signal.31) Visualize the cellular background using the ImageJ/FIJI Stack tool "MedianIntensity" projection. In Fig.4f, the cell wall background appears as a diffuse signal whereas dust particles look like bright spots. Squashed samples will result in high background and detection outside expected membrane areas. 32) If the S/B ratio is too low, increase the 561-nm excitation laser power (Step 23).

Critical step:

  sptPALM_viewer proposes two different ways to estimate molecule instantaneous diffusion based on MSD calculation. MSD curves are computed for each preselected track (see before). Dinst can be classically estimated by fitting a linear regression on MSD versus time, over a predefined number of points.

  figure legend). The best BIC-model is a GMM-2E, i.e. with 2 components of equal variance. In the example, the optimum log10(D inst ) threshold is -1.65 and partitions 45% of the molecules in a fast sub-populations of mean -1.15 with CI95%=[-1.16, -1.13]. For the 55% slow subpopulation, the mean is -2.24 with CI95%=[-2.25, -2.22]. For Lti6B-mEos2 (Extended Data Figure3a) and PIP2;1-mEos2 (Extended Data Figure3d), GMM-2V and FMSMSN-2 reveal the presence of two sub-populations. For Lti6B-mEos2, the threshold of -1.63 splits 78% of the molecules in the fast sub-population with a mean of -1.25 (CI95%=[-1.25, -1.24]) and 22% in the slow sub-population with a mean of -1.48 (CI95%=[-1.5, -1.47]). The mean associated to the slowest component is higher than for mEos2-PH EVECT2 . For PIP2;1-mEos2, 90% of the molecules are assigned to the fast sub-population due to the presence of the heavy tail, with a similar threshold of -1.63, with means of -2.36 for the fast sub-population and -1.62 for the

Figure 1 :

 1 Figure 1: Schematic representation of sptPALM. (a-b) During image acquisition, images are taken every 20 ms for the duration of 3 min. Top view (a) and side view (b). In each image, only a few, well separated emitters (red dots) are detected. (c) Using tracking and localization methods, it is then possible to obtain the super-resolved trajectories of single molecules. Figure modified from 14 .

Figure 2 :

 2 Figure 2: Comparison of the typical dynamic range of FRAP, FCS, sptPALM and SMdM.The section at the top shows the dynamic range of FRAP, FCS, sptPALM and SMdM for studying protein diffusion in cells. The section at the bottom, shows the typical dynamic range of membrane proteins and free cytosolic proteins[START_REF] Milo | What are the time scales for diffusion in cells? in Cell Biology by the Numbers[END_REF] . Note that the dynamic range to estimate diffusion by sptPALM fits well with the typical diffusion of most plasma membrane proteins but not free cytosolic proteins.

Figure 3 :

 3 Figure 3: Coverslip cleaning and sample preparation. (a) Picture and schematic of coverslips organization in the rack and (b) the staining jar. For the cleaning procedure, see Step 1-8. (c) Schematic view of the 12-well plate filled with C control medium, M Mock and T treatment medium (Step 10-11). (d) Picture showing a droplet of medium on a dirty (left) and a cleaned (right) coverslip (Step 12). The filter paper is maintained on the bench using surgical tape (Step 12). (e) Schematic and (f) picture showing how to position roots samples placed in the middle of the coverslip (Step 13), perpendicularly to its main axis, and with the microscope slide on the top. Tape on both sides of the coverslip ensure proper assembly and spacing.

Figure 4 :Figure 5 :Figure 6 :Figure 7 :Figure 8 :

 45678 Figure 4: sptPALM track acquisition. (a) Typical image obtained with low (below 0.001% laser intensity) or no 405-nm laser photo-conversion. Note that few spots are visible. (b) Image with a good photo-conversion (usually between 0.01 and 0.1% of 405nm laser power -0.1 to 1.03 µW at the objective) resulting in an acceptable number of molecules per frame, here 17 (Step 22). In (c), 405-nm laser power was increased to 0.02%. The number of particles is still in a good range (21) but some are too close to each other, creating false reconnections during track reconstruction. (d) Enlarged view of the area marked c. (e) Image corresponding to a Z-Stack Max intensity projection of 1,000 frames obtained using ImageJ. This view is useful to visualize the cell outline. No signal should be detected outside of the cell (Step 30). (f) Image corresponding to a Z-Stack Mean intensity projection obtained using ImageJ and allowing to evaluate the cellular background and unspecific dotty signals (Step 31). (g) close-up view of a spot. A straight line has been drawn across it and the ImageJ surface plot tool (h) was used to evaluate the maximum pixel value of a particle (here 11,600 units) (Step 23). Note that cells in (a), (b) and (c) are from different acquisitions whereas (e) and (f) are projections of the time-lapse from (b). Scale bars in (a-c), (e) and (f) 5µm; scale bar in (d) 2 µm and scale bar in (g) 1µm. All the source data are available from: http://bioserv.cbs.cnrs.fr/DOWNLOAD/sptPALM_data/ Figure 5: Track reconstruction using MTT. (a) Screenshot of MTT mode and date selection (Step 38). (b) Screenshot of the MTT software interface (Step 41). (c) Timelapse loaded to determine the Alpha threshold (Step 43). (d) Detected tracks overlaid to

  

  

  

  cbs.cnrs.fr/DOWNLOAD/sptPALM_data/

	Gaussian Radius	Standard deviation of the	For a single molecule, classically set this
		Gaussian characterizing the	the standard deviation is parameter between 2.5-
		intensity distribution of the	equal to ~190nm. This 3.5 pixels, which
		detected particle	parameter needs to be corresponds to a maximal
			calculated according to diffusion of ~0.5-0.8-
			the pixel size of the µm²/s for an acquisition
			setup. time of 20ms)
	Weight of the alpha likelihood Number restricting the combinations --	The default value of this The default value of this
			parameter is optimal for parameter is optimal for
			single molecule detection single molecule detection
	Likelihood weight between the Alpha threshold	-Initial threshold for particle	The default value of this This parameter is usually
	maximum and the local diffusion	detection (based on local	parameter is optimal for set between 50 and 500.
		intensity and noise)	single molecule detection It has to be optimized
	Size of the temporal sliding window Length of the temporal	The default value (5 based on the detection
		window (in frames) to	frames) works well for obtain on image
		compute local diffusion	sptPALM data
		coefficient	
	Number of deflation loop	Number of times the	Deflation loop is set to 0
		detection process will be	in the case of sptPALM
		repeated in order to detect	experiment.
		low intensity events	
	Probability of blinking	Number of consecutive	We usually set this
		frame without detection for	parameters between 0 (no
		a given track	missing detection) to -3
			(3 consecutive missing
			detection). The smaller is
			the blinking, the longer
			are the reconstructed
			tracks.
	Coefficient of free diffusion	Maximum diffusion	We set the maximum
		coefficient expected for the	coefficient of free
		sample	diffusion at 1µm²/s,
			which corresponds to the
			upper limit of diffusion
			observed for PM protein
			in plant. This parameter
			could be adjusted
			depending of the sample
			and set according to
			results obtained on
			control experiments
	Diameter to research the set particle	Maximum cutoff distance	This parameter has to be
		separating two consecutive	set according to the
		events	previous one and the
			acquisition time used for
			the acquisition. We

Table 2 : PALM_viewer parameters for track filtering and MSD analysis.

 2 

	Parameters:	Definitions:	How to set up:
	Acquisition time	Exposure time during	Usually set at 20 ms. Exposure
		acquisition in ms	time must be high enough to
			obtain good S/B ratio.
			However too high exposure
			time might lead to deformed
			blurry PSF and trouble in track
			reconstructions
	Pixel size	Size of the pixel in µm	This parameter can be
			retrieved in the acquisition
			software or in image metadata.
	Maximum distance between	Longest distance allowed	Have to be adjusted depending
	two detections	between two consecutive	of the reconnection errors and
		detections (in µm)	based on the cumulative
			distribution of single-step
			length. By default, this
			parameter is void.
	Maximum of blinks (frames)	Number of consecutive frames	High number of blinks
		without detections	increase the track length, but
			also possible reconnection
			errors. We used 3 as a default
			value.
	Minimum trajectory duration	Minimum tracks duration (in	
	(frames)	frame)	

  Set the angle in epifluorescence (<60° in our setup) and then increase it to reach TIRF range (63-73°) with the highest S/B ratio possible.

	14-34 Homogenous	Dirty coverslips/slides	If background persist using ultrapure water
	background on		instead use filtered buffer, repeat Step 1-8
	the coverslip		and use a new stock of slides
		Medium contamination	Prepare new filtered medium
		Crushed sample	Check sample integrity under transmitted
			light. Be gentle during sample
			manipulation/incubation/ transfer to the
			coverslip. Add a spacer in between slide
			and coverslips.
	Low Signal /Background ratio	TIRF angle is not properly adjusted Setup TIRF angle: Poor activation of Increase Camera gain. Increasing 561nm
		photoconverted fluorophores	laser power might help but it will also
			increase in unspecific background and
			moreover it will photobleach the
			fluorophores. Ultimately, acquisition time
			can be increased.
	Drift during	Sample movement in XY or Z	Discard acquisition.
	acquisition	axis during time-lapse	Fiducial marker can be added on the
			coverslip (Step 13) to correct drift in a
			post-acquisition treatment
	Low molecule	Low expression level	If tagged protein is expressed under the
	density during		control of its own endogenous promoter, it
	acquisition		might be necessary to switch for a more
			ubiquitous promoter such as Ubiquitin10 or
			35S promoters
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35) Detection and reconnection (Steps 35-53):

Split the time-lapse file of 10,000 images in ten stacks of 1,000 images each to facilitate the tracking analysis by MTT software (mainly computer memory management). Run the macro (Stack_Split_macro.ijm) to do this for .lsm files. 36) Select the "Source Directory" and then indicate the destination directory where the new stacks will be saved afterwards. Each new stack will be renamed "original_name"1, "original_name"2, "original_name"3, etc, up to "original_name"10 and saved in a directory named like the original file.

37)

Organize the resulting data as followed:

Date/Analyses/Constructs/Treatment/AcquisitionNb.

38)

Open the MTT software 39) Load load_MTT.exe and select "MTT with tracking (expert mode)" and "GO !!!!" (Fig. 5a).

40)

Load the data by clicking on "Choose the image(s) to read". All .tif files will be loaded even if they are located in subfolders.

41)

Set the parameters for every section: "Detection Parameters", "Validation of predetected particles" and "Reconnection Parameters" (See Table 1 for a description of the parameters) (Fig. 5b).

42) Select ".mat" as output file type.

43

) Open a single image by clicking "Click here" to set up the "Alpha threshold" value (Fig. 5c andd). Choose the pixel value threshold, and click on "Go" to see particles detected above this value.

44) Once this parameter has been reliably fixed and all the particles are well detected, launch the analysis by clicking "Start the Analysis" (Fig. 5b). The output of MTT will be: one folder per stack named "original_name".tif_output containing .mat file with all trajectories detected and a .txt file with all parameters summary.

45

) Launch sptPALM_viewer to further analyze both the trajectories and localizations of the particles,. The display window will appear (Fig. 6a).

46)

Fill the pixel size of your images and the lag time between two consecutive frames (as specified in Steps 15 and 18).
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